Introduction
Macrophages exist in the host innate immune system and are responsible for detection as well as elimination of pathogens. Mycobacterium tuberculosis (M. tuberculosis) is a hostadapted intracellular pathogen of macrophages, with the capacity to survive and reproduce in macrophages [1] . M. tuberculosis is a major cause of tuberculosis, one of the most threatening infectious diseases, leading to high morbidity and mortality across the world [2, 3] . Recently, accumulated evidence has resulted in a better understanding of the pathology of macrophages against M. tuberculosis infection, showing that microRNAs (miRNAs) can regulate a variety of effectors of host immunity [4] . miRNAs are a group of endogenous small non-coding RNAs that are able to govern gene expression through binding to specific complementary sites at the 3'UTR of target-mRNAs, leading to transcript degradation or translational repression. miRNA-21 (miR-21) is highly over-expressed in various cancers, such as non-small cell lung cancer (NSCLC) and colon cancer [5, 6] . Lin et al. have reported that miR-21 may modulate the invasion of NSCLC cells [7] . miR-21 is not only a well-documented oncogenic miRNA but also an established inflammatory mediator that functions as a crucial player in inflammatory and immune pathways [8] . Tolllike Receptor 4 (TLR4), a soluble decoy receptor, and Myeloid Differentiation Factor 88 (MyD88), a splice variant of a signal-transduction protein, are two proteins that can reduce the toxic effects of lipopolysaccharide [9] . Toll-like receptors (TLRs) are major components of the immune response against various pathogens. It has been reported that TLR2-deficient mice are more susceptible to infection with Mycobacterium avium [10] . Interestingly, MyD88 is a common adaptor molecule that binds with many of the TLRs, and its knockout may also result in defects in host resistance along with immune responses to Mycobacterium avium infection [11] . miR-21 can negatively regulate the expression of TLR4, possibly via targeting the pro-inflammatory tumor suppressor programmed cell death factor 4 (PDCD4) [9] . In addition, glycopeptidolipids from Mycobacterium avium are able to activate macrophages by activation of the TLR4/MyD88 signaling pathway [10] .
However, due to the limited data available with regard to the role of miR-21 in the immunoregulatory system of macrophages against BCG infection, the present study aims to evaluate the potential correlation between miR-21 and the TLR4/MyD88 signaling pathway and to highlight the mechanisms of miR-21 with the TLR4/MyD88 signaling pathway in immune regulation of macrophages against BCG infection.
Materials and Methods
Cell culture, plasmid construction and transfection Raw264.7 cells (a mice alveolar macrophage cell line, Chinese Academy of Sciences, Shanghai, China) were cultured in Dulbecco's minimum essential medium (DMEM) (GE Healthcare Life Sciences HyClone Laboratories, South Logan, Utah, USA) containing 10% inactivated fetal bovine serum (FBS) (Gibco, Grand Island, NY, USA), 100 units/mL penicillin and 100 mg/mL streptomycin (both from GE Healthcare Life Sciences HyClone Laboratories, South Logan, Utah, USA) in a constant temperature incubator (37°C, 5% CO 2 ) (Thermo Fisher Scientific Inc., Waltham, MA, USA). Oligonucleotide sequences of miR-21 mimic, mimic-NC (negative control oligonucleotides), miR-21 inhibitor and inhibitor-NC were synthesized by Shanghai GenePharma Co., Ltd. (Shanghai, China) ( Table 1) . Cells were spread on a plate and incubated for 24 h before transfection. Within 1 h before transfection, the medium was changed, and 2 mL of DMEM solution was added into each well. The Lipofectamine 2000 (Invitrogen Corporation, Carlsbad, CA, USA) transfection mixture was prepared according to the manufacturer's instructions, and the cells were transfected and incubated at 37°C.
RAW264.7 cell transfection and BCG activity detection
The pEGFP-C1 plasmid (Invitrogen Corporation, Carlsbad, CA, USA) that expresses green fluorescent protein was used to transfect RAW264.7 cells. The fluorescence intensity was observed under a fluorescence microscope. BCG activity was determined by acid-fast stain. The bacterium suspension was applied on a glass slide, dried and fixed, followed by 3 drops of carbolfuchsin (Shanghai YuanMu Biological Technology Co. Ltd., Shanghai, China). Then, the slide was heated gradually and washed after the sample cooled; it was then destained in a 3% hydrochloric acid-alcohol solution (Shanghai YuanMu Biological Technology Co. Ltd., Shanghai, China) for 30 s, washed twice, and counterstained with alkaline methylene blue solution for 1 min. The slide was observed and imaged, using an oil immersion lens, after washing and drying.
Dual-luciferase reporter assay
Within 24 h before transfection, cells were seeded in 96-well plates, 4 × 10 4 cells for each well with 4 parallel wells. In addition, 1 h before transfection, the medium was changed and DMEM was added into each well. The Lipofectamine 2000 transfection mixture was prepared according to the manufacturer's instructions (Invitrogen Inc., Carlsbad, CA, USA), and miR-21 mimic, mimic-NC, miR-21 inhibitor and inhibitor-NC were separately co-transfected with the luciferase reporter carrier pMir-Glo-WT-TLR4 containing the wild-type TLR4 3'UTR sequence and pMir-Glo-Mut-TLR4 plasmid containing the miR-21 binding mutation into RAW264.7 cells. The luciferase reporter carrier was synthesized by Shanghai GenePharma Co., Ltd. (Shanghai, China). After the media was fully aspirated, the transfection mixture was added into cells and incubated for 24 h at 37°C. Luciferase activity was determined using a Dual-Luciferase Reporter Assay System (E1910) (Promega Corp., Madison, Wisconsin, USA). 
Quantitative real-time polymerase chain reaction (qRT-PCR)
The miRNA was extracted in accordance with the instructions for a miRNeasy Mini kit (Qiagen Company, Hilden, Germany), and RNA was extracted using TRIzol (Thermo Fisher Scientific Inc., Waltham, MA, USA). RNA concentration was measured with a NanoDrop2000 spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA), and RNA was preserved at -80°C. According to gene sequences in the GenBank database, primers (Table 3) were designed using Primer5.0 software and synthesized by Shanghai GenePharma Co., Ltd. (Shanghai, China). The miRNA reverse transcription system was designed according to instructions for a One Step PrimeScript ® miRNA cDNA Synthesis Kit (Perfect Real Time) (Takara Holdings Inc., Tokyo, Japan) and reacted for 1 h at 37°C (poly(A) signal and reverse transcription), undergoing heat stimulation for 5 s at 85°C (enzyme inactivation). The reaction conditions for miRNA qRT-PCR were 40 cycles of 42°C for 5 min and 95°C for 10 s; 95°C for 5 s; 60°C for 1 min; and 72°C for 15 s. The reaction system for non-miRNA qRT-PCR was designed according to the instructions of a One Step SYBR® PrimeScript® PLUS RT-PCR Kit (Takara Holdings Inc., Tokyo, Japan), with the following reaction conditions: 40 cycles of 42°C for 5 min and 95°C for 10 s; 94°C for 5 s; 58°C for 30 s; and 72°C for 15 s. U6 and β-actin were used as internal controls, and a solubility curve was used to estimate the reliability of PCR and obtain Ct values (amplification curve of inflection point). ΔΔCt = ΔCt experimental group -ΔCt control group , ΔCt = Ct target gene -Ct internal control gene . The 2 -△△Ct method was used to calculate relative expression of target genes [12] .
Western blotting
The concentration of the extracted protein was detected by a bicinchoninic acid (BCA) kit (Wuhan Boster Biological Technology, Ltd, Hubei, China) according to the manufacturer's instructions. The extracted protein was added into loading buffer and heated for 10 min at 95°C, with 50 µg of sample in each well. In addition, 10% polyacrylamide gel (Wuhan Boster Biological Technology, Ltd, Hubei, China) electrophoresis was performed for protein extraction, with a voltage of 80V to 120V and a wet transfer was implemented under 100 mv for 70 min. The proteins were transferred to polyvinylidene fluoride (PVDF) membranes and blocked in 5% bovine serum albumin (BSA) for 1 h at room temperature, followed by incubation overnight at 4°C with antibodies, including antibodies against TLR4 (ab13556), MyD88 (ab119048), Mcl-1 (ab114016), Bax (ab77566), caspase-3 (ab13585) and β-actin (ab8226) (1: 500, Cell Signaling, Abcam Inc., Cambridge, MA, USA). After membranes were washed 3 times with Tris-buffered saline-Tween 20 (TBST) every 5 min, corresponding secondary antibodies were added at room temperature and incubated for 1 h. Additionally, membranes were washed 3 times with TBST every 5 min, followed by development via Roche electrogenerated chemiluminescence (ECL) reagent. β-actin was used as an internal control. A Bio-Rad Gel Dol EZ imager (Bio-Rad, Inc., Hercules, CA, USA) was used for developing the blots. Image J software was for gray-value analysis of target bands.
Enzyme-linked immunosorbent assay (ELISA)
Total protein was extracted using an ELISA kit (eBioscience, Inc., San Diego, CA, USA) in accordance with the manufacturer's instructions. A Universal ELISA instrument (BioTek, Winooski, VT, USA) was applied to determine optical density (OD) values at a wavelength of 450 nm, with a standard curve drawn. In addition, the levels of TNF-α (85-BMS223/4, eBioscience), IL-6 (85-14-8069-62, eBioscience), and IL-10 (85-BMS215HS, eBioscience) were calculated.
MTT assay
Cell viability in each transfected group was detected with an MTT kit (Nanjing Keygen Biotech, China). With 20 μL of MTT solution (5 mg/mL) (Sigma-Aldrich Chemical Company, St Louis MO, USA) added into each well 12 h after BCG infection, cells were incubated at 37°C for 4 h, after which the medium was aspirated and 150 µL of dimethyl sulfoxide (DMSO) was added (Sigma-Aldrich Chemical Company, St Louis MO, USA). Four prepared wells were set in each transfected group. Subsequently, OD values at 490 nm were measured using an enzyme-labeling instrument (Thermo Fisher Scientific Inc., Waltham, MA, USA). The experiment was repeated 3 times. Cell viability rate = (OD experiment group /OD control group ) × 100%.
Flow cytometry
After 24 h of BCG infection, transfected cells were subjected to trypsin digestion, centrifuged, washed with cold phosphate-buffered saline (PBS), and re-suspended into a single-cell suspension (1 × 10 6 /mL). Subsequently, 100 µL of cell suspension was prepared with the addition of 10 mg/mL propidium iodide and 10 mg/mL RNaseA and incubated for 30 min at 4°C. The cells were added to 400 µL of dyeing buffer and immediately analyzed by flow cytometry (BD Bioscience, Inc., San Jose, CA, USA), with 10 4 cells tested each time. Cell Quest software was used for data analysis. Annexin V-positive cells were defined as apoptotic cells, while PI-positive and Annexin V-negative cells were defined as necrotic cells. Cell apoptosis and necrosis rates were calculated accordingly.
Transmission electron microscope (TEM) observation RAW264.7 cells were collected 12 h after BCG infection and subjected to conventional trypsin digestion (Gibco Company, Grand Island, NY, USA) and centrifugation. After being washed with PBS, the cells were fixed with 2.5% glutaraldehyde (Shanghai JunRui Biological Technology Co. Ltd, Shanghai, China) for 2 h at 4°C and by 1% osmic acid. The cells were then treated with gradient alcohol dehydration and soaked in propylene epoxide and Epon 812 resin (Beijing Hyde Company, Beijing, China) for embedding and subsequent polymerization. The cells were cut into ultrathin sections (no more than 100 nm). After 3% uranium acetate-lead citrate double staining (Shanghai E Micron Technologies Limited Company, Shanghai, China), the sections were observed under a TEM (JEM100CX-II, Japan) to observe the morphological structure of the macrophages.
Statistical analysis
Data were analyzed using the statistical package for the social sciences (SPSS) version 21.0 (SPSS Inc., Chicago, IL, USA). Measurement data are presented as the mean ± standard deviation, and the data with normal distribution between two groups were compared using a t-test, while one-way analysis of variance (ANOVA) was conducted for comparisons among multiple groups. Count data are presented as percentage or rate and were compared using a chi-square test; P < 0.05 indicated statistical significance.
Results

Successful cell transfection and BCG infection
The expression of green fluorescent protein in the transfected cells was observed under a fluorescence microscope, and the intensity was determined using 543 nm laser light.
More than 90% of the cells presented fluorescence, which verified that the transfection efficiency reached more than 90% (Fig. 1A) . Acid-fast staining was used to detect BCG viability. Approximately 80% of cells phagocytized at least one acid-fast bacterium, with nearly 20 bacteria phagocytized by each cell, which suggested that the RAW264.7 cells were successfully infected by BCG (Fig. 1B) .
TLR4 as a potential direct target gene of miR-21
In a public miRNA database, TLR4 was shown to be a potential direct target gene of miR-21 ( Fig. 2A) . Dual-luciferase reporter assay results indicated that, with TLR4 WT, separately compared with the BCG group, there was no significant change in TLR4 luciferase activity in the mimic-NC + BCG and inhibitor-NC + BCG groups (both P > 0.05). The luciferase activity was lower in the miR-21 mimic + BCG group but higher in the miR-21 inhibitor + BCG group (both P < 0.05). For the empty vector and the TLR4 MUT, the luciferase activity was unchanged (Fig. 2B) . The above results showed that TLR4 was a potential direct target gene of miR-21.
miR-21 was correlated with the expression of TLR4 and MyD88
Compared with the control group, miR-21 expression was up-regulated in all groups infected with BCG. Compared to the BCG group, miR-21 expression was increased in the miR-21 mimic + BCG group, but reduced in the miR-21 inhibitor + BCG and miR-21 inhibitor + TAK242 + BCG groups (P < 0.05). Compared to the control group, the TLR4 and MyD88 
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expression dropped in all groups infected with BCG (all P < 0.05). Compared with the BCG group, expression of the TLR4 and MyD88 were lower in the miR-21 mimic + BCG and TAK242 + BCG groups, but higher in the miR-21 inhibitor + BCG group (all P < 0.05). Moreover, TLR4 and MyD88 expression in the miR-21 inhibitor + TAK242 + BCG group were higher than those in the TAK242 + BCG group but still lower than those in the miR-21 inhibitor + BCG group (all P < 0.05) (Fig. 3) .
miR-21 was correlated with BCG-induced cell death
Compared with the control group, the cell viability rate dropped in all groups infected with BCG (all P < 0.05). The cell viability rate was lower in the miR-21 mimic + BCG and TAK242 + BCG groups than in the BCG group, but the rate was higher in the miR-21 inhibitor + BCG group than in the BCG group (all P < 0.05). Additionally, the cell viability rate in the miR-21 inhibitor + TAK242 + BCG group was higher than in the TAK242 + BCG group but was still lower than that in the miR-21 inhibitor + BCG group (all P < 0.05) (Fig. 4) . These results indicated that miR-21 lowered the viability rate of cells infected with BCG.
miR-21 was correlated with the expression of TNF-a, IL-6 and IL-10 by negatively modulating the TLR4/MyD88 signaling pathway
Compared with the control group, the expressions of TNF-a, IL-6 and IL-10 were elevated in all groups infected with BCG (all P < 0.05). The expressions of TNF-a, IL-6 and 
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IL-10 in the miR-21 mimic + BCG and TAK242 + BCG groups were higher than those in the BCG group (all P < 0.05), while these expressions were lower in the miR-21 inhibitor + BCG group were lower than those in the BCG group (all P < 0.05). Additionally, the levels of TNF-a, IL-6 and IL-10 in the miR-21 inhibitor + TAK242 + BCG group were higher than those in the miR-21 inhibitor + BCG group but were still lower than those in the TAK242 + BCG group (all P < 0.05) ( Table 4) .
miR-21 was correlated with cell apoptosis and necrosis by negatively modulating the TLR4/MyD88 signaling pathway
In the control group, the cells presented round or oval full shapes with rich cell microvilli. The cell membrane was complete, and the cell nucleus was large with a clear nucleolus. The nuclei had abundant euchromatin, showing heterochromatin margination. The cells showed no remarkable morphological characteristics of apoptosis. In the BCG group, the majority of cells were in early and middle stages of apoptosis, and plenty of shriveled cells appeared due to cell membrane damage. The karyosome was concentrated and margined under the nuclear membrane, shrinking as a block. Part of the mitochondria had dropsy with significant degranulation. Plenty of vacuoles in the endochylema emerged. Compared with the control group, cell apoptosis and necrosis rates were increased in the BCG group (both P < 0.05). There were no significant differences in cell apoptosis and necrosis rates Table 4 . Comparisons of levels of TNF-a, IL-6 and IL-10 in the Raw264.7 cells among different groups (pg/mL). Note: miR-21, microRNA-21; BCG, Bacillus Calmette-Guerin; NC, negative control oligonucleotides; TNF-a, tumor necrosis factor-a; IL, interleukin; * P < 0.05 compared to the control group; # , P < 0.05 compared to the BCG group; & , P < 0.05 compared to the miR-21 inhibitor + BCG group; $ , P < 0.05 compared to the TAK242 + BCG group 
among the BCG, mimic NC + BCG and inhibitor NC + BCG groups (all P > 0.05). Compared with the BCG group, the cell apoptosis and necrosis rates were higher in the miR-21 mimic + BCG and TAK242 + BCG groups, but these rates were lower in the miR-21 inhibitor + BCG group (all P < 0.05). The cell apoptosis and necrosis rates in the miR-21 inhibitor + TAK242 + BCG group were higher than those in the miR-21 inhibitor + BCG group but were lower than those in the TAK242 + BCG group (all P < 0.05) (Fig. 5A , 5B). Compared with the control group, the expression of Bax, caspase-3 and Mcl-1 were elevated but PDCD4 expression was reduced in the BCG group (all P < 0.05). In comparison to the BCG group, the expression of Bax, caspase-3 and Mcl-1 were increased but PDCD4 expression was decreased in the (Fig. 5C, 5D , 5E, 5F).
Discussion
The intention of the present study was to explore the potential immunoregulatory role of miR-21 and the TLR4/MyD88 signaling pathway in macrophages in response to BCG infection. Initially, we found that BCG infection induced decreased cell viability, up-regulated expression of inflammatory factors, and increased apoptosis rates. At the same time, miR-21 further promoted the above process. BCG is a nonpathogenic TB vaccine strain that can promote the immune response of lymphocytes and apoptosis of infected macrophages, contributing to extensive apoptosis followed by amplification of innate and adaptive immune responses [13] . Largely consistent with our study, Yuk et al. thought that dendritic cells infected with BCG resulted in an increased production of inflammatory cytokines, such as TNF-α, IL-1 and IL-12, and up-regulation of a variety of costimulatory molecules [4, 13] . BCG infection may facilitate the transcription of miR-21 in macrophages and dendritic cells, and miR-21 can promote apoptosis of dendritic cells after BCG infection by targeting B-cell lymphoma 2 (Bcl-2) [14] . It has been reported that Ginsenoside Rh2-induced leukemia cells apoptosis was achieved by the suppression of Bcl-2 which was modulated by miR-21 [15] . Overexpression of miR-21 has been observed in many cancers, including breast cancer, and the research notes that the oncogenic function of miR-21 is attributed to indirect upregulation of Bcl-2 [16] . In addition, miR-21 is observed in Treg cells and is highly expressed in the development of atherosclerosis and some other inflammatory diseases [17] . Cheng et al. reported that celastrol could inhibit pathological myocardial fibrosis and avoid cardiac dysfunction by suppressing the miR-21/ERK pathway [18] . Suppression of miR-21 regulatory pathway was considered to be the key mechanism of inhibiting cell self-renewal induced by puerarin [19] . It is reasonable to speculate that miR-21 may further promote the process triggered by BCG infection, resulting in increased cell apoptosis and increased expression of inflammatory factors following BCG infection.
Additionally, our results demonstrated that miR-21 can promote the expression of inflammatory factors, such as TNF-α, IL-6, and IL-10, and cell apoptosis in BCG-infected cells by negative modulation of the TLR4/MyD88 signaling pathway. TLR4, with the best characteristics of TLRs, is a potential direct target gene of miR-21, which was verified by the dual-luciferase reporter assay in this study. miR-21 is a crucial mediator of TLR signaling and has been reported to inhibit TLR activation, indicating that miR-21 acts as a key player in the resolution of inflammation by mediating the removal of components of the TLR signaling pathways. TLR4 has been identified as one of the TLRs correlated with host resistance to M. tuberculosis infection, and the reason why macrophages require constitutive expression of TLR4 is that macrophages are supposed to continuously explore the environment for the growth of bacteria [20, 21] . MyD88, an adaptor molecule, is another critical factor in the process of host resistance to M. tuberculosis, and it is required in TLR4 signaling. As noted in an experiment, MyD88-deficient mice demonstrated damaged IFN-γ, IL-12, NOS2 and TNF-α response, and TNF-α production is indicated to be dependent on the TLR2/MyD88 signaling pathway [10, 22] . The responses to various bacterial components were completely blocked in MyD88-deficient cells and a MyD88-independent pathway is involved in lipopolysaccharide (LPS)-induced maturation of DCs [23] . Programmed cell death 4 (PDCD4) has been shown to be a mediator of LPS-induced apoptosis, and miR-21 can negatively regulate the expression of TLR4 by targeting PDCD4 [9] . The PDCD4 expression in response to LPS is lost due to miR21- In addition, the loss of PDCD4 leads to an elevated IL-10 level [24, 25] . Additionally, our study found that miR-21 promoted BCG-induced up-regulation of Bax, caspase-3 and Mcl-1 expression and down-regulation of PDCD4 expression. Bax, caspase-3 and Mcl-1 are pro-apoptotic regulators, and PDCD4 is an anti-apoptotic regulator, further suggesting that miR-21 promotes cell apoptosis in BCG-infected cells possibly by negatively regulating the TLR4/MyD88 signaling pathway.
In conclusion, our study demonstrates that miR-21 can reduce cell viability, promote cell apoptosis and necrosis, and increase the expression of inflammatory factors in BCG-infected cells. Thus, miR-21 can exacerbate BCG infection in macrophages by down-regulation of the TLR4/MyD88 signaling pathway. This is the first study to explore the immunoregulatory role of miR-21 regulation of the TLR4/MyD88 signaling pathway in RAW246.7 macrophage cells in response to BCG infection, and it may present new opportunities for limiting miR-21 to boost TLR4 activation therapeutically in treating tuberculosis. However, further in-depth research in vivo and in vitro is needed to validate the findings and to find a novel treatment for tuberculosis. 
